Effect of Pressure on the Ettingshausen-Nernst Effect in Zinc at Helium Temperatures. by Deck, Ronald Joseph
Louisiana State University
LSU Digital Commons
LSU Historical Dissertations and Theses Graduate School
1961
Effect of Pressure on the Ettingshausen-Nernst
Effect in Zinc at Helium Temperatures.
Ronald Joseph Deck
Louisiana State University and Agricultural & Mechanical College
Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_disstheses
This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has been accepted for inclusion in
LSU Historical Dissertations and Theses by an authorized administrator of LSU Digital Commons. For more information, please contact
gradetd@lsu.edu.
Recommended Citation
Deck, Ronald Joseph, "Effect of Pressure on the Ettingshausen-Nernst Effect in Zinc at Helium Temperatures." (1961). LSU Historical
Dissertations and Theses. 647.
https://digitalcommons.lsu.edu/gradschool_disstheses/647
Mic 61-2118
DECK, Ronald Joseph. EFFEC T OF PRESSURE 
ON THE ETTINGSHAUSEN-NERNST EFFECT  
IN ZINC AT HELIUM TEM PERATURES.
Louisiana State U n iversity , P h .D ., 1961 
P h y sic s , so lid  state
University Microfilms, Inc., Ann Arbor, Michigan
EFFECT OF PRESSURE ON THE ETTINGSHAUSEN-NERNST 
EFFECT IN ZINC AT HELIUM TEMPERATURES
A D is s e r t a t io n
Submitted to  the  Graduate Facul ty  of the 
Louisiana S ta te  U n iv e rs i ty  and 
A g r ic u l tu r a l  and Mechanical College 
In p a r t i a l  f u l f i l l m e n t  of  the 
requirements  for  the  degree of 
Doctor of  Philosophy
In
The Department o f  Physics  and Astronomy
by
Ronald Joseph Deck 
B.S.,  Loyola U n ive rs i ty ,  195^
M.S.,  Louisiana S ta t e  U n iv e r s i ty ,  1958 
January ,  1961
ACKNOWLEDGEMENT
The au tho r  wishes to  express  h i s  g r a t i t u d e  and a p p re c ia t io n  to  
Dr. J .  M. Reynolds fo r  h i s  guidance and a s s i s t a n c e  In t h i s  work. The 
au thor  a l s o  wishes to  express  h i s  g r a t i t u d e  to  Dr. C. G. Grenier for  
h is  Invaluable  a id  in performing the experiments and ana lyz ing  the 
r e s u l t s .  Thanks a r e  a l s o  p ro f fe re d  to  a l l  the members of the  Low 
Temperature group fo r  t h e i r  a id  In performing the experiments and 
t h e i r  coopera t ion  in shar ing  equipment,  and to  the machin is ts  of 
the Chemistry and Physics Department fo r  t h e i r  p a r t  in con s t ru c t in g  




I. INTRODUCTION . . . .............................................    1
I I .  EXPERIMENTAL APPARATUS..................... I .    6
I I I .  EXPERIMENTAL DATA ..................................................  23
IV. EXPERIMENTAL D A T A ........................................................................  29
V. A CONSIDERATION OF THE EXPERIMENTAL DATA.........................  39
AP PE NDI X I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 0
NUMERICAL DATA................................................................................ 56
SELECTED BIBLIOGRAPHY ..............................................................  59
VITA................................ ..................................................................... 60
III
L I S T  OF FIGURES
Figure Page
1. Helium Dewar and E n t i r e  Pressure  Ram System Assembly . 7
2. The Pressure  P is ton  and Cylinder  D eta i l  . . . . . . .  8
3. The Hydraulic A ssem bly ............................................ .....................19
k .  Crys ta l  Holder Deta i l  ...................................................................  21
5 . A Recorder Graph of  the Et t lngshausen-Nerns t  P o te n t ia l
as  a Function of Magnetic Field ........................  . . . . .  30
6. A Plot  of  In tegers  versus  Reciprocal Magnetic F ie ld .  . 33
7. A Plot  of  Re la t ive  P is ton  Displacement versus  Oil
Line P r e s s u r e .................. .... ............................................................. 3k
8. A Plot  of Period versus  P r e s s u r e ............................... . 37
9* A Cross Section of the Jones Zone In Zinc . . . . . .  k 2
10. A Cross Section of the Jones Zone In Z i n c ..................... k5
11. A Cross Section of the Jones Zone In Z i n c ..................... k6
I v
ABSTRACT
A p i s to n  and c y l in d e r  combination using s o l id  hydrogen as a 
p re s su re  t r a n sm i t t in g  medium was cons t ruc ted  for  the purpose of 
s tudying p re s su re  dependence o f  the Et t ingshausen-Nernst  e f f e c t  
in z in c .  The appara tus  was designed to  produce a maximum of.
5 ,000 atmospheres of h y d r o s t a t i c  p ressu re  a t  helium temperatures  
In a .25 Inch diameter  c y l in d e r .
The technique Involved was t h a t  o r i g i n a l l y  pioneered  by 
Stewart and Swenson. The p i s to n  and c y l in d e r  were made of 
bery l l ium-copper  and were lap f i t t e d  and p o l i shed .  A sea l  was 
e f f e c t e d  between the su r faces  o f  the p i s to n  and c y l in d e r  by means 
of a p o ta ss iu m .r in g  which supported the force  app l ied  to  the p i s to n .  
Hydrogen was condensed In to  the cy l in d e r  dur ing the process  of 
b r ing ing  the appara tus  down to  l iq u id  helium temperatures .  Ten 
e l e c t r i c a l  leads  en te red  the p re s su re  chamber through an epoxy 
r e s in  s ea l  and were used to  make the des i red  measurements.
The Et t ingshausen-Nernst  p o t e n t i a l  was recorded as a funct ion  
of magnetic f i e l d  a t  d i f f e r e n t  p r e s s u re s ,  while  p re ssu re  was being 
inc reased  in s t e p s ,  and a l s o  while  p re ssu re  was being decreased in 
s tep s .  In the case of Inc reas ing  p ressu res  the o s c i l l a t i o n s  In 
E t t ingshausen-Nerns t  p o t e n t i a l  ex h ib i ted  diminished amplitude and a 
phase s h i f t  before  and a f t e r  which the per iods  d i f f e r e d .  For
Vi
decreas ing  p re ssu re s  a l a rg e r  ampli tude and no phase s h i f t  were 
observed.  The exp lana t ion  was assumed to  l i e  In the  f a c t  t h a t  the 
Qrtho-para conversion In s o l i d  hydrogen, which absorbs  heat  In the 
case of Increas ing  p re s su re s  and r e l e a s e s  heat  in the case of 
decreas ing  p r e s s u re s ,  gave r i s e  to  the phenomenon of a l a rg e r  heat 
c u r re n t  In the c r y s t a l  fo r  decreas ing  p re s su re s  than for  inc reas ing  
p r e s s u re s ,  and a t r a n sv e r se  component of  heat  c u r re n t  for  inc reas ing  
p re s su re s  g iv ing  r i s e  to  a th e rm o e le c t r i c  e f f e c t  superimposed upon 
the  E t t ingshausen-N erns t  p o t e n t i a l .  No a ttempt was made to  s ep a ra te  
out the Et t ingshausen-Nernst  p o t e n t i a l  in the  case of increas ing  
p re ssu re s  because of the u n c e r t a in ty  In the magnitude of the hea t  
c u r re n t  Involved and only measurements taken a t  dec reas ing  pressures-  
t r u l y  rep re se n t  the E t t ingshausen-N erns t  p o t e n t i a l .
The per iod  of the o s c i l l a t i o n s  was found to  decrease  with  
p re ssu re  almost  l i n e a r l y  from 0 to  1450 atmospheres.  The data  
observed agreed wel l  w ith  measurements made by Bala in ,  Grenier ,  and 
Reynolds. There seems to  be some d isc repancy  with the p re sen t  data  
and the  r e s u l t s  of Verkin and Dmitrenko who found an o s c i l l a t o r y  
behavior  in the  per iod  of magnetic s u s c e p t i b i l i t y  o s c i l l a t i o n s ,  w ith  
the o s c i l l a t i o n s  superimposed upon a genera l  inc rease  In per iod with  
p r e s s u re .  The general  Increase  can be exp la ined  by assuming t h a t  they 
a r e  dea l ing  with  holes  Ins tead  of e l e c t r o n s ,  but the o s c i l l a t o r y  
behavior  of the per iod  i s  not found In our  da ta .
The per iod  of  a de Haas-van Alphen type o s c i l l a t i o n  is  inve rse ly  
p ro p o r t io n a l  to  the a rea  of  the p r o j e c t io n  of  the segment of  Fermi
su r face  giving r i s e  to  the o s c i l l a t i o n  onto a plane perpendicu lar  
to  the  magnetic f i e l d  d i r e c t i o n .  Harrison has used a s in g le  
or thogonal  I zed plane wave approximation to  determine t h i s  a rea  for 
z in c  when the f i e l d  Is p a r a l l e l  to  the hexagonal a x i s .  Very poor 
agreement Is ^achieved In a t tem pt ing  to  use t h i s  to  p r e d ic t  the 
behavior  of per iod  versus  p r e s s u re .  Some c a l c u l a t i o n s  were made 
which determine t h i s  a rea  In terms of  Fourier  c o e f f i c i e n t s  occurr ing  
In an expansion of the p e r io d ic  p o t e n t i a l .  The behavior of these  
c o e f f i c i e n t s  with p ressu re  Is not p red ic ted  by the c a l c u l a t i o n s ,  but 
assuming t h a t  they a re  unaf fec ted  by p ressu re  one ge ts  f a i r  agreement 
w i th  the da ta .  I t  i s  p o s s ib le  by measuring per iod  with  f i e l d  
p a r a l l e l  and perpendicu la r  to  the hexagonal a x i s  to  determine the 
I n t e r e s t i n g  c o e f f i c i e n t s  exper im en ta l ly ,  and I t  Is bel ieved th a t  in 
the  fu tu re  I t  would be f r u i t f u l  to  study the behavior  of these  
c o e f f i c i e n t s  with  p ressu re .
CHAPTER I 
INTRODUCTION
1. The Problem of High Hydrosta t ic  Pressure  a t  Liquid Helium 
Temperature.
The combination of high p ressu re  and low temperature  techniques 
has appeared so formidable In the p a s t  that  only  in rec e n t  years has 
any work been done In t h i s  f i e l d .  The major exper imenta l  problem 
which had to  be solved was the a c tu a l  production of a h y d ro s ta t i c  
p re ssu re  of the order  of thousands of  atmospheres a t  these  low 
temperatures .  In any convent ional  h y d r o s t a t i c  high p re ssu re  s e t -u p  
the p ressu re  is  produced by a pump, measured by a gauge, and t r a n s ­
mit ted  to  the exper imental chamber by means of  a f lu id  which surrounds 
the sample. At l iqu id  helium temperatures  a l l  known substances 
except  helium e i t h e r  become s o l id  o r  very v iscous .  Then in a 
conventional  apparatus  a l in e  leading from the pump to  the p ressu re  
chamber becomes blocked and t ran sm i ts  only some or none of the app l ied  
p ressu re  to the chamber. Furthermore, any fo rce  a p p l ied  to the medium 
in the chamber wll-1 In general not produce h y d r o s t a t i c  pressure  on a 
sample. The exception to  t h i s  Is of  course l iq u id  helium which is  
l iq u id  in i t s  normal s t a t e  a t  these low temperatures  b u t  which 
s o l i d i f i e s  a t  r a th e r  low pressures  (1^0 atm a t  4.2°K f o r  He IV). One
can Imagine t h a t  these  problems a re  formidable . Recently  however two 
techniques  have become prominent which avoid most of these  d i f f i c u l ­
t i e s .  These a re  the ice  bomb technique and the  so l id  hydrogen ram.
2
In the Ice bomb technique ,  the expansion of  water upon f reez ing  
a t  co n s ta n t  p r e s su re ,  and the  r e l a t e d  inc rease  in p re ssu re  upon 
f reez ing  a t  cons tan t  volume, is  u t i l i z e d .  A sample which is t o  be 
p ressu r ized  i s  sealed  in a high p r e s s u re  bomb along with water or a 
water s o lu t io n .  As the bomb is  cooled s lowly,  so th a t  f reez in g  occurs 
homogeneously, a p ressu re  i s  b u i l t  up in the  medium, and s ince  the 
expansion is  uniform the p r e s s u re  is  roughly h y d r o s t a t i c .  The 
p re ssu re  in the  bomb 1 is c a l c u l a t e d  from the change In the dimensions 
of the  bomb. This method has the d isadvantage th a t  i t  i s  a one-shot  
method, i . e .  the  p re ssu re  developed by one s o lu t i o n  is  fixed for  a 
given temperature and cannot be v a r ied .  A range of p re ssu re  may be 
s tu d ie d ,  however, by r e p e t i t i o n  of an experiment  with d i f f e r e n t  
s o lu t io n s  surrounding the sample. The recen t  work th a t  has been done 
u t i l i z i n g  the Ice bomb technique which i s  most i n t e r e s t i n g  from the 
po in t  of view of the p re se n t  work is a s tudy of the de Haas-van Alphen 
e f f e c t  in z in c  as a func t ion  of p re ssu re  by Verkin and Dmitrenko.*
The p re s su re  was va r ied  over a range from 0 to  I75O atmospheres by 
using water to  obta in  the h ig h es t  p ressu re  and water  s o lu t io n s  of
e thy l  a lcohol for  the lower p r e s su re s .
The s o l i d  hydrogen ram is  the  technique u t i l i z e d  in the p re se n t  
work. I ts  b a s ic  p r in c ip l e  Is t h a t  s o l i d  hydrogen Is p l a s t i c  enough 
to t ra n sm i t  p re ssu re  h y d r o s t a t 1c a l l y .  The idea was o r ig in a t e d  by
*B. I.  Verkin and I.  M. Dmitrenko, Soviet Phys. — Doklady *£,
118 (1959).
2  3Stewar t  and Swenson * a f t e r  a s tudy of  the  e x t r u s io n  p ressure  
(p res su re  a t  which a s o l i d  w i l l  ex t rude  through a small hole)  of 
s o l i d i f i e d  gases a t  helium temperatures  in d ica ted  th a t  hydrogen was 
the most p l a s t i c  s o l i d i f i e d  gas a t  these  temperatures ,  in the course 
of  t h e i r  s tu d ie s  on e x t ru s io n  p ressu res  and c o m p r e s s i b i l i t i e s  of 
s o l i d i f i e d  gases they developed the ram technique.  No o p e ra t iona l  
d e t a i l s  w i l l  be mentioned here s ince  l a t e r  chap te rs  a re  devoted to  
these  d e t a i l s .  I t  should be mentioned th a t  In a case  where both 
techniques are  s u i t a b l e ,  the s o l i d  hydrogen ram is  a much more 
convenient  device  for  s tudying  a range of p re ssu re  than the ice bomb 
because i t  al lows p re ssu re  to  be va r ied  over the t o t a l  range of  the 
appara tus  for  a given temperature  during one experiment,  whereas for  
a given temperature  each p re ssu re  involves a se p a ra te  experiment 
with  the ice  bomb.
Since i t s  I n i t i a t i o n  by Stewart  and Swenson the s o l id  hydrogen
ram has been adapted to  va r ious  measurements) namely, the e f f e c t  of
k  5pressu re  on superconduct ing t r a n s i t i o n  temperatures  and the e f f e c t
of p re ssu re  on e l e c t r i c a l  r e s i s t a n c e . ^  i t  is  be l ieved  th a t  the
p re se n t  work is  the f i r s t  to u t i l i z e  the s o l i d  hydrogen ram on 
de Haas-van Alphen type e f f e c t s .
^J .  W. Stewart and C. A. Swenson, Phys. Rev. IO69 (195*0*
O
J J .  W. Stewart,  a d i s s e r t a t i o n ,  Harvard U nive rs i ty ,  195*+*
U
J .  Hatton, Phys. Rev. 100. 178^ (1955)*
5"L. D. Jennings and C. A. Swenson, Phys. Rev. 112. 31 (1958).
6J .  Hatton, Phys. Rev. K)0, 681 (1955)*
k
2. A General Cons idera t ion  of the Pressure  Dependence of de Haas- 
van Alphen E f f e c t s .
The accepted theory of e l e c t r o n s  moving In a p e r io d ic  p o t e n t i a l  
says t h a t  the e l e c t r o n s  have en e rg ie s  which l i e  in bands or  regions 
of  k-space.  These bands a r e  regions  descr ibed  by a s e t  of co n cen t r ic  
polyhedra which a re  cen te red  about the o r ig in  of k-space.  Discon­
t i n u i t i e s  In the e l e c t r o n  energy occur a t  the su r faces  of these  
polyhedra or  a t  the energy zone boundar ies .  Host o f  the e l e c t r o n i c  
p r o p e r t i e s  of meta ls  a r e  determined by th i s  zone s t r u c t u r e  and by the 
shape and lo c a t io n  of the Fermi s u r fa c e  of the e l e c t r o n s  In the  metal .  
Much of the experimental  work t h a t  Is done on e l e c t r o n i c  p r o p e r t i e s  
Is fo r  the purpose of  ga in ing  Informat ion from which to  determine these 
f a c t o r s .  In the case of  the o s c i l l a t o r y  de Haas-van Alphen type 
e f f e c t s ,  the per iod  of the o s c i l l a t i o n s  can give us some information 
toward th i s  end. In Landau's theory7 of the de Haas-van Alphen e f f e c t  
the per iod  of the de Haas-van Alphen o s c i l l a t i o n s  Is given by
A . f -
o
where 0* * eh/m^cj, m* Is the e f f e c t i v e  mass of  the e l e c t r o n s  a t  the 
Fermi su r face  (assuming e l l i p s o i d a l  energy s u r f a c e s ) ,  and Eq is  the 
chemical p o t e n t i a l  or  Fermi energy measured from the bottom of  the
Q
e l e c t r o n i c  energy band in q u es t io n .  L I f s h i t z  and Kosevich, us ing
Q
the r e s u l t s  of Onsager, have f u r t h e r  shown th a t  In general  (not
7L. Landau, Z. Phys lk 629 (1930).
O
l.M. L i f s h i t z  and A.H. Kosevich, J .  Exp. Th. Phys. USSR 29.
730 (1955).
^L. Onsager, P h i l .  Hag. } £ ,  1006 (1952).
r e s t r i c t e d  to  e l l i p s o i d a l  energy su r faces )
a  g n e  n v - -  -  d AA = r-r ) nr<* -  ■   c.hA dE1 o
where A is any extremum area of  the Fermi su r face  in the plane 
pe rpend icu la r  to the magnetic f i e l d .  I t  is g enera l ly  accepted 
th a t  the per iod of a l l  de Haas-van Alphen type e f f e c t s  is given 
by the above formulas.
When h y d ro s ta t i c  p re ssu re  is app l ied  to a c r y s t a l  the l a t t i c e  
parameters a re  changed and in general thereby the energy zone 
boundaries  and the shape of the Fermi su r face  a re  changed. Therefore ,  
in view of the previous  c o n s id e ra t io n s ,  the observed o s c i l l a t o r y  
de Haas-van Alphen type e f f e c t  w i l l  e x h i b i t  a change with p ressu re .
in the p re sen t  work the E t t ingshausen-Nernst  e f f e c t  in z inc  has 
been s tud ied  as a funct ion  of p re ssu re .  In p a r t i c u l a r  the period has 
been observed as a funct ion  of  p re ssu re .  Approximate express ions  have 
been der ived  for  the energy of the e l e c t ro n s  giving r i s e  to  the 
observed o s c i l l a t i o n s ,  and o r i g i n a l l y  I t  was hoped th a t  these  would 
a l low a d e t a i l e d  a n a ly s i s  of the da ta .  The problems of such an 
a n a ly s i s  and the im pl ica t ions  a r i s i n g  from the derived express ions  
a re  d iscussed  in Chapter V of t h i s  d i s s e r t a t i o n .
CHAPTER II 
EXPERIMENTAL APPARATUS
A. General Considera t ions
The p re s su re  appara tus  may be descr ibed  as a p i s to n  and cy l in d e r  
arrangement; using s o l i d  hydrogen as a p ressu re  t r a n s m i t t i n g  medium, 
cons t ruc ted  fo r  the purpose of s tudying  galvano- and thermomagnet Ic 
e f f e c t s  in metals  under high h y d r o s t a t i c  p ressu re  (5000 atm max.) a t  
l iq u id  helium temperatures .  The technique of  genera t ing  h y d ro s ta t i c  
p ressu res  a few thousand atmospheres in magnitude a t  helium temperatures  
was pioneered by Stewart  and Swenson ,^  who found th a t  hydrogen is  the 
most p l a s t i c  of  the s o l i d i f i e d  gases a t  these  temperatures  and 
suggested t h a t  i t  i s  s u i t a b l e  fo r  producing "approximately"  h y d ro s ta t i c  
high p re s su re s .
The general  procedure ( r e f e r  Fig. 1) is  to  use a conventional  
hydrau l ic  system a t  room temperature  to  apply  force  a t  the upper end 
of  a compression rod which leads to  a p i s to n  in a l iq u id  helium bath, 
which in tu rn  ap p l ie s  force  to  s o l i d i f i e d  hydrogen contained In a 
c y l in d e r .  The c y l in d e r  is suspended by a tension  rod which extends 
down in to  the helium bath  from the hydrau l ic  p re s s .  The helium bath 
Is conta ined in a dewar f l a sk .  When force  is  ap p l ied  to  the p i s to n ,  
the tens ion  in the tens ion  rod and the compression in the compression 
rod a r e  equal and oppos i te ,  and no forces  a re  ap p l ied  to  the dewar system.
^ J .  W. Stewart and C. A. Swenson, o p .ci t .
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The two c h ie f  problems encountered In producing the apparatus  
were: (1) the problem of b r in g in g  e l e c t r i c a l  leads In to  the cy l inder
fo r  making galvano- and thermomagnetIc p o t e n t i a l  measurements, and 
(2) the problem of  machining a p is to n  and cy l in d e r  from which s o l id  
hydrogen did not escape when p re s su r ize d .
B. Compression and Tension Members 
Three co n s id e ra t io n s  were taken In to  account In designing the 
compression and tens ion  members. The members had to  have (1) s u f f i c i e n t  
s t r e n g t h  to  withs tand  the a p p l ie d  forces  and (2) low enough thermal 
c o n d u c t iv i ty  to  a l low a convenient  amount of data to  be obtained  
befo re  two l i t e r s  (the approximate dewar capac i ty )  of  l iq u id  helium 
bo i led  away, and (3) they had to  be non-magnet Ic In order  to not 
d i s tu r b  the magnetic f i e l d  In which the apparatus  operated .  Type 304 
"annealed" s t a i n l e s s  s t e e l  was chosen to  s a t i s f y  the l a t t e r  two 
s p e c i f i c a t i o n s .  To s a t i s f y  the s t r e n g th  requirements  the tens ion  
member was made of 1.125 Inch o .d .  tubing with  .125 Inch wal l  t h i c k ­
ness and the compression member was made of .75 Inch o .d .  tubing with 
.125 inch wall th ick n ess .  Under a t o t a l  ap p l ied  s t r e s s  of 4000 pounds 
(the maximum l im i t  of our hyd rau l ic  ram) rough c a lc u la t io n s  following 
the l in e  of  reasoning p resen ted  In S tew ar t ' s  d i s s e r t a t i o n ^  ind ica ted  
th a t  t h i s  gave a s a f e t y  f a c t o r  of b e t t e r  than f iv e .  Rough c a l c u l a t i o n s  
a l s o  ind ica ted  th a t  .5  l i t e r s  of  helium per  hour would be bo i led  away
W. Stewart,  op .c l t .
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by the heat  conducted through the tens ion  and compression members 
leading from room temperature  to  l iq u id  helium temperature .  This l a t e r  
was v e r i f i e d  exper im enta l ly  and was judged s u f f i c i e n t  for  our purposes.
To a t t a c h  the tension  rod and c y l in d e r  toge ther  ( r e f e r  Fig. 1) i t  
was decided th a t  simply threading  and screwing them to ge the r  would 
provide s u f f i c i e n t  s t r e n g th  and would a l s o  be the type of  a ttachment 
which would al low keeping the space occupied by the appara tus  In the 
magnetic f i e ld  a t  a minimum. To connect the tens ion  rod to  the 
hydrau l ic  ram head both were threaded in to  a s t a i n l e s s  s t e e l  s leeve .
A s t a i n l e s s  s t e e l  p i s to n  was in se r t e d  (lap f i t )  In to  t h i s  s leeve  to  
provide a connection between the ram head and the compression member. 
The s t a i n l e s s  s t e e l  p i s to n  a t  the top of  the compression tube and the 
p i s to n  a t  the bottom of  the compression tube were lap f i t t e d  In to  th i s  
member in order  to  have good a l ignment between the bottom p is to n  and 
cy l in d e r .
C. P ressure  Cylinder  and Pis ton:  D escr ip t ion  and
Design Considera t ions
The p re ssu re  cy l in d e r  and p i s to n  were made of Berylco 25 a l l o y  
obtained from the Beryllium Corporat ion of Reading, Pennsylvania.
This Is a high s t r e n g th  a 1 lory t h a t  was favored over s t a i n l e s s  s t e e l  
because I t  does not become magnetic when cold worked. The a l l o y  was 
obta ined  in a "haI f -hardened"  c o nd i t ion  and was heat  t r e a t e d  to b r ing  
I t  to  i t s  maximum s t r e n g th  p r o p e r t i e s .  The I n i t i a l  p lan  was to do 
most of the  machining before  hardening in the b e l i e f  t h a t  less  
machining a f t e r  the a l l o y  was a t  i t s  maximum s t r e n g th  would leave the
11
f in i s h e d  m a te r ia l  s t r o n g e r .  This p lan  was neglected  a f t e r  c o n s t ru c t io n
t-
of  a few s e t s  of p i s to n s  and c y l in d e r s  and a l l  the machining was done 
a f t e r  heat  t r e a t i n g  the a l l o y .  This proved s a t i s f a c t o r y  but l e f t  an 
u n c e r t a in ty  In the values  of  the s t r e n g t h  cons tan ts  of  the f in i sh ed  
product.
In choosing wal l th ickness  fo r  the c y l in d e r  rough c a l c u l a t i o n s  
made using S te w a r t ' s  c a l c u l a t i o n s  as  a guide Ind ica ted  tha t  for  a 
•25 inch cy l in d e r  diameter  .125 inch wal l th ickness  was s u f f i c i e n t .
The 1.125 inch o u te r  diameter  for  the cy l in d e r  was then chosen for 
added s a f e ty  f a c to r .
In choosing a length for  the c y l in d e r  I t  was decided th a t  one 
Inch of  length  a t  the bottom of  the cy l in d e r  should be preserved for 
the  c r y s t a l  ho lder .  S tewart  had found th a t  a t  4.2°K, I f  the 
unpressur ized  volume pf s o l i d  is VQ In a cy l in d e r ,  i n i t i a l  
p r e s s u r i z i n g  compacts Vq by roughly 20%, and a f t e r  compacting the 
change in volume per  u n i t  volume for  5°0° atmospheres of p re ssu re  is 
roughly .4 .  This gives  roughly . 5  VQ as the decrease  in volume from 
0 to  500° atmospheres of p re s su re .  For t h i s  reason 1 inch was taken 
as  the minimum p i s to n  s t ro k e  In the p re ssu re  c y l in d e r .  One can see 
by looking a t  Fig. 2 t h a t  the c y l in d e r  is divided in to  two p a r t s  by 
a b rass  d i s c .  The p i s to n  is  in the p o s i t i o n  of ze ro  displacement  
when i t  Is r e s t i n g  on t h i s  b rass  d i s c .  The p o r t io n  of  cy l in d e r  above
the  brass  d i sc  merely served  to  a l i g n  the p i s to n  In the c y l in d e r .  The
i
length  of t h i s  p o r t io n  was l e f t  t o  the convenience of the machin is t  
and va r ied  between 1 Inch and 1.5 Inches in d i f f e r e n t  c y l in d e r s .  The
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length of c y l in d e r  below the b rass  d i sc  va r ied  between 2 and 3 inches
In accordance with the p rev ious ly  mentioned co n s id e ra t io n s .
12Following the example of Stewart and Swenson hydrogen was
condensed In to  the c y l in d e r .  To accomplish t h i s  the cy l inder  had to
be vacuum t i g h t  to  the helium bath  before  condensat ion of  the  hydrogen.
The brass  d i sc  and gold 0 - r in g  arrangement shown In Fig. 2 formed a
vacuum sea l  in the helium bath when the gold 0 - r in g  was compressed.
To compress the gold 0 - r ln g  the top p a r t  of the cy l in d e r ,  which served
to a l i g n  the p i s to n ,  was made In the form of a hollow b o l t  which
screwed down on the  brass  d isc  and gold 0 - r in g .  The brass  d i sc  had a
f u r th e r  purpose In tha t  the potassium packing on the p is ton  formed I t s
i n i t i a l  sea l  as the p is to n  punched through t h i s  b rass  d i sc .  The
th ickness  of  the d i sc  Is probably not c r i t i c a l  but was chosen as
.01 inch because t h i s  s i z e  had p rev ious ly  been used by Jennings and 
13Swenson In a s im i l a r  appara tus .  The gold 0 - r ln g  was made from 2k
gauge 2*t k a ra t  gold wire which was welded to  form a r ing .
The bottom of  the cy l in d e r  was made de tachable  for  machining
purposes which w i l l  be d iscussed  l a t e r ,  and for  convenience In c r y s t a l
mounting. The vacuum s e a l s  a t  the bottom of the cy l in d e r  were a l s o
high p ressu re  s e a l s .  There were two se a l s  a t  the bottom of the
assembled c y l in d e r .  These were ( l )  the gold washer sea l  and (2) the
epoxy r e s in  sea l  through which the e l e c t r i c a l  leads  en te red  the
c v : i__________________________
12J .  V. Stewart and C. A. Swenson, op. c l t .
13L. D. Jennings ,  and C. A. Swenson, Phys. Rev. 112. 31 (1958).
c y l in d e r .  The gold washer ( r e f e r  Fig. 2) fo r  the bottom s ea l  was
made from 2k  k a ra t  2*f gauge gold p l a t e .  The s ea l  was e f f e c t e d  when
the gold washer was compressed by screwing the cy l in d e r  bottom t i g h t l y
onto  the main body of  the c y l in d e r .  The epoxy s ea l  Is d iscussed  In
the following s e c t io n .
The p i s to n  length  was determined by the  cy l in d e r  length which has
a l read y  been d iscussed .  The only s p e c i f i c a t i o n  on p i s to n  length  was
t h a t  a t  maximum depth the p i s to n  did not touch the c r y s t a l  holder .
The p i s to n  t i p  ( r e f e r  Fig. 2) was f i t t e d  with  a potassium washer
which formed a sea l  between p i s to n  and cy l in d e r  wall  by the p r in c ip l e
I kof the unsupported area  packing. This was found necessary  by 
15Stewar t  to  prevent  escape of s o l id  hydrogen p a s t  the p is to n  dur ing 
p r e s s u r i z in g .
Hydrogen en te red  the p re s su re  chamber dur ing the condensing 
process  through a small ( .016 Inch diameter)  hole In the cy l inder  
w a l l .  The hydrogen supply was contained In a v e s se l  of known volume 
and fixed p re ssu re  a t  room temperature .  A rubber tube c a r r i e d  
hydrogen from t h i s  ves se l  to  a connector  on the b rass  flange a t  the 
upper end of the p re ssu re  appara tus .  A s t a i n l e s s  s t e e l  tube led from 
the connector  down to  an "L" shaped plug which was so ldered  In to  the 
c y l in d e r  wal l  and which jo in ed  with the  hole through which hydrogen 
en te red  the p re ssu re  chamber. The hole  In the Inner cy l in d e r  wall  
was le s s  than .05 Inches below the ledge on which the gold 0 - r ln g
\ k The Physics of  High P r e s s u re s . P. T. Bridgman, 1935 e d i t i o n ,
P- 32.
15̂J .  W. S tewart ,  op. c l t .
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and brass  d isc  s a t .  This d i s t an ce  was made small because no p ressu re  
could be b u i l t  up in the  cy l in d e r  u n t i l  the potassium washer 
t r a v e le d  p as t  t h i s  hole .
D. The Epoxy Res i n Sea 1 
In order  to  make the des i red  measurements on a c r y s t a l  in the 
p re ssu re  chamber i t  was decided th a t  i t  would be convenient I f  ten 
e l e c t r i c a l  leads could be brought in to  the p ressu re  chamber. This 
p resen ted  a problem because in a l l  s tandard  techniques t h a t  the 
au thor  could f ind of b r ing ing  e l e c t r i c a l  leads in to  a high p ressu re  
v es se l  through a p re ssu re  and vacuum s e a l ,  only one lead could be 
brought  in by one s e a l in g  device .  Not enough space was a v a i l a b l e  on 
the cy l in d e r  to  br ing  ten leads in through sep a ra te  s e a l s .  I t  was 
t h e r e fo re  decided to  t r y  to  br ing  a l l  the leads in through a s in g le  
hole in the cy l in d e r  base and to  sea l  the leads in the hole with a 
thermal s e t t i n g  r e s in .  , S tycas t  2850 GT epoxy re s in  from Emerson and 
Cuming Company of Canton, Massachuset ts ,  was a v a i l a b l e  and so was 
chosen for  a t r i a l .  P re l iminary  I n v e s t ig a t io n s  made a t  l iqu id  
n i t rogen  temperatures  were made and were s a t i s f a c t o r y .  Nine s ize  
3k  gauge and one s iz e  26 gauge copper wires  with  Formvar In su la t io n  
were then passed in to  the p re ssu re  c y l in d e r  through a 1 inch long 
hole d r i l l e d  with  a No. 56 d r i l l  and were sea led  In with the epoxy 
r e s in .  A t r i a l  run was then made a t  k . 2 ° K  in which s o l id  hydrogen 
In the c y l in d e r  was p re s su r iz e d  to  30°° atmospheres and thermomagnetic 
measurements were made on a z inc  c r y s t a l .  The sea l in g  a c t io n  was
completely e f f e c t i v e  and c o n t in u i ty  of a l l  leads was preserved .  The 
hole through which the leads were brought In to  the p ressu re  chamber 
was In the c r y s t a l  ho lder  which was s o f t  so ldered  In to  the removable 
c y l in d e r  bottom ( r e f e r  Fig. k ) .
E. Pressure  P is ton  and Cylinder : Machining and
Experimental Development
Of the Information th a t  the au thor  was ab le  to  ob ta in  p r i o r  to 
the machining of t h i s  appara tus ,  no information was a v a i l a b l e  concerning 
the to le ra n ces  on p i s to n  and c y l in d e r  dimensions o the r  than th a t  the 
p i s to n  and c y l in d e r  were lap f i t t e d ,  or about machining techniques .
The lack of such Information made I t  necessary  to  develop through 
experiment a p i s to n  and cy l in d e r  t h a t  would be s a t i s f a c t o r y .  Two 
experimental  p i s to n  and c y l in d e r  combinations f a i l e d  before  
s a t i s f a c t o r y  r e s u l t s  were achieved .
In the f i r s t  p i s to n  and cy l in d e r  t h a t  were cons t ruc ted  the main 
o b je c t iv e  was to t r y  to  get the cy l in d e r  to  hold p re s su re .  The design 
was the same as In Fig. 2 except  t h a t  the bottom was not  detachable  
and the re  was no hole for  e l e c t r i c a l  leads to  e n t e r  the chamber. In 
the lapping process  the cy l in d e r  was assembled without  the b rass  
d i sc  and gold 0 - r in g  and the machin is t  hand lapped a b rass  rod in to  
the c y l in d e r .  This process  was considered complete when the b rass  
rod was uniform In diameter  over i t s  length .  The f in i s h in g  lapping 
compound was 1-3 micron g r i t  s i z e .  The p i s to n  was then machined on a 
la the  with d iam eter . .0005 Inches l a rg e r  than the f in i sh e d  cy l in d e r  
diameter  and the p i s to n  was then hand lapped In to  the cy l in d e r ,  
f in i s h in g  with 1-3 micron g r i t  s i z e  lapping compound. This l e f t  the 
p i s to n  and c y l in d e r  h igh ly  p o l i shed ,  but the cy l in d e r  su rface  c o u ld n ' t
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be examined very well  because of  the d i f f i c u l t y  of g e t t i n g  l ig h t  
In to  the c y l in d e r ,  which was only open a t  one end. When a t r i a l  run 
was made with  t h i s  f i r s t  c y l in d e r  I t  f a i l e d  to  hold p re s su re .  As 
force was app l ied  to  the p i s to n  I t  went d i r e c t l y  down to  the bottom 
of the c y l in d e r .  The s o l i d  hydrogen e v id e n t ly  escaped p a s t  the 
p is to n  d e s p i t e  the potassium s e a l .  P ressure  was b u i l t  up momentarily 
a few times dur ing the downward descen t ,  as evidenced by increase  In 
hydrau l ic  l in e  p re ssu re  of the Blackhawk ram, but each time t h i s  
p ressu re  was re leased  and the piston*proceeded down.
At the end of t h i s  f i r s t  t r i a l  run a post-mortem was held to  
t ry  to determine the cause of f a i l u r e .  Two p o s s ib le  causes were 
decided upon as most l i k e l y .  F i r s t l y ,  the potassium washer might 
have oxid ized  too much before  the equipment was brought to low 
temperatures .  The equipment had been brought to l iq u id  n i t rogen  
temperatures  p r io r  to  l iq u id  helium t r a n s f e r  by surrounding the dewar 
f l a s k  con ta in ing  the appara tus  w ith  n i t rogen  and f i l l i n g  the dewar 
with helium gas, and then al lowing th ree  or  four  hours for  cool ing .  
Perhaps enough a i r  or o th e r  gases were p re sen t  to al low the potassium 
to  oxid ize  In t h i s  t ime. Secondly the Inner su rface  of the c y l in d e r  
may not  have been as  smooth as was d es i r ed .  Before lapping,  the 
Inner su rface  was no t iced  to  have grooves In I t  which r e s u l t e d  from 
d r i l l i n g  and reaming the hole .  As was mentioned befo re ,  I t  was
d i f f i c u l t  to  inspec t  the inner  s u r f a c e ,  so t h a t  t h i s  p o s s i b i l i t y
seemed q u i t e  p l a u s i b l e .  An inspec t ion  a f t e r  the run could o f f e r  no
s o lu t io n  because the  appara tus  had been allowed to  warm up a f t e r  the
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run and then s tand fo r  a day with the  potassium washer in p lace ,  and 
when the apparatus  was disassembled the potassium had ruined the 
cy l in d e r  su r face .
A second p i s to n  and c y l in d e r  s e t  was co n s t ru c ted  which was 
id e n t i c a l  to  the f i r s t .  A t r i a l  run was made in which the appara tus  
was brought to  l iqu id  n i t rogen  temperatures  Immediately a f t e r  the 
potassium washer had been put  in p lace  in a helium gas atmosphere.
This was accomplished by having the helium dewar f i l l e d  with  l iq u id  
n i t rogen  when the apparatus  was put in,  and then blowing out  the 
n i t rogen  with hot (room temperature) helium gas before  p u t t in g  In 
l iq u id  helium, in the  t r i a l ,  upon i n i t i a l  a p p l i c a t i o n  of fo rce ,  the  
p i s to n  broke through the b rass  d i sc ,  t ra v e le d  down approximately 
• 5 inches ,  and then f roze .  I t  would not r i s e  when force was re leased ,  
nor descend when force  was ap p l ied .  A post-mortem a f t e r  the run 
showed th a t  i t  was the upper p a r t  of the cy l in d e r  which caused the 
jamming. When the p i s to n  was put in the cy l in d e r  and th i s  upper or 
"screw" p a r t  of  the cy l in d e r  was turned,  the p i s to n  would be jammed 
for  some p o s i t io n s  of the "screw" p a r t  and f re e  for  o ther  p o s i t i o n s .  
This could be explained If  the inner  su rface  of  the upper cy l inder  
and the  su r face  tangent  to  the  threads  of t h i s  "screw" p a r t  of the 
c y l in d e r  were not p e r f e c t l y  co n cen t r ic  cy l in d e r s .
A t h i rd  c y l in d e r  was co n s t ru c ted .  In the process  of lapping 
out the c y l in d e r  .a washer approximate ly  as th i c k  as the b rass  d isc  
and compressed gold 0 - r ln g  was placed in the p o s i t i o n  of the disc  
and 0 - r ln g  and sc ra tch es  were made on the upper and lower p a r t s  of
18
the c y l in d e r  to  Id e n t i fy  t h e i r  r e l a t i v e  p o s i t io n s  dur ing lapping.
Then, when the cy l in d e r  was assembled for  a p ressure  run, the upper 
or "screw" p a r t  of the c y l in d e r  was t igh tened  down on the gold 0 - r lng  
u n t i l  the  upper and lower p a r t s  were In the same r e l a t i v e  p o s i t io n s  
as they were In during the lapping p rocess .  This assured  good 
alignment of the upper and lower halves of the cy l in d e r .  Also on 
th i s  t h i r d  the f e a tu re  of a removable cy l in d e r  bottom was Innovated 
to  f a c i l i t a t e  In spec t ion  of  the Inner su r fa c e .  This c y l in d e r  was t e s t e d  
a t  helium temperatures  and held p re ssu re  up to  approximately 3000 
atmospheres.  At 3000 atmospheres some e x t ru s io n  of s o l i d  hydrogen 
pas t  the  gold washer sea l  a t  the cy l in d e r  bottom occurred ,  but the 
washer re sea led  a f t e r  the ex t ru s io n .  The p i s to n  displacement and 
hydrau l ic  l ine  p re ssu re  measurements were reproducib le  In severa l  
cycles  of Increas ing  and decreas ing  p re ssu re  both before  and a f t e r  the 
e x t ru s io n  occurred.
F. The Hydraulic System 
The hydrau l ic  system ( r e f e r  Fig. 3) co n s is ted  o f  a Blackhawk 
hydrau l ic  pump and hydrau l ic  ram Model P-400 (Blackhawk Manufacturing 
Co., Milwaukee, Wisconsin) to  which were added a Helse Bourdon gauge 
(Helse Bourdon Tube Co., Newton, Connecticut)  with accuracy ra ted  a t  
b e t t e r  than . 19b and a Whltey f in e  meter ing valve (Whltey Research 
Tool Co., Oakland, C a l i fo rn ia )  which allowed o i l  l in e  p ressu re  a t  the 
ram head to  be increased  and decreased with more co n t ro l  than the 
valve which had been provided with  the pump.
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G. The Crys ta l  and Crys ta l  Holder.
The c r y s t a l s  used In the p re s su re  experiments were segments of the 
z inc  c r y s t a l  used by B a la in ^ *  ^  in some moderate p re ssu re  experiments 
on Et t ingshausen-Nerns t  e f f e c t .  These segments were cu t  chemical ly ,  
by techniques  descr ibed  in d e t a i l  in B a la ln ' s  d i s s e r t a t i o n ,  or  by 
slow f i l i n g  with a roughened razor  blatfeedge.
The c r y s t a l  holder  used for  mounting the c r y s t a l  in the p ressu re  
cy l in d e r  can be seen in Fig. k .  i t  was made out of b rass  and soldered 
in to  the bottom sec t io n  of the c y l in d e r .  E l e c t r i c a l  leads  en te red  
the cy l in d e r  through the hole in the stem which was sea led  with epoxy 
re s in  as has been p rev ious ly  desc r ibed .  The e l e c t r i c a l  leads  were
wound in p a i r s  to  keep inductance loops a t  a minimum and were so ldered
to the c r y s t a l  a t  a p p ro p r ia te  p o in ts  for  making the thermomagnetic and 
galvanomagnetic measurements.  The c r y s t a l  was Insu la ted  from the 
f l a t  bed on which I t  r e s t e d  by a p l a t e  of  l u c i t e .  In order  to 
preserve  the  o r i e n t a t i o n  of  the  c r y s t a l  in the magnetic f i e l d  during 
a p re ssu re  experiment i t  was necessary  th a t  the c r y s t a l  be fastened 
down so t h a t  flow of s o l i d  hydrogen would not a l t e r  i t s  p o s i t i o n .
This was done by ty ing  the c r y s t a l  down with approximately  two dozen
loops of nylon th read .  I t  was o f te n  found a f t e r  an experiment  th a t
h a l f  of the loops were broken g iv ing a rough in d ic a t io n  of the forces  
on the c r y s t a l  due to  the flow. The l i d  a t  the top of  the c r y s t a l  
holder  had the purpose of d i v e r t i n g  the flow of hydrogen during
S. Bala in ,  d i s s e r t a t i o n ,  Louisiana S ta te  U nive rs i ty ,  i 960.
^ K .  S. Bala in ,  C. G. Grenier ,  and J .  M. Reynolds, Phys. Rev. 
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pressu re  changes so tha t  the c r y s t a l  would not be in the path of the 
flow. Whether t h i s  was very e f f e c t i v e  Is not known. Fur ther  d e t a i l s  
on the c r y s t a l  mounting a re  given In the chapter  on exper imental  
procedure.
H. The Magnet and Voltage Measuring C i rc u i t
The magnet used In t h i s  work was the same one prev ious ly  
18described  by Bergeron. The pole faces used In these experiments
were approximately k  Inches In diameter  and were spaced 3 1/2 Inches;
The co n t ro l  c i r c u i t  used fo r  s t a b i l i z i n g  the c u r re n t  In the magnet Is
19descr ibed  in d e t a i l  in S. A. A l l ' s  d i s s e r t a t i o n .  The magnetic f i e l d
was c a l i b r a t e d  a g a in s t  c u r re n t  through the magnet with a proton
resonance gaussmeter.  Maximum f i e l d  a t t a i n a b l e  with the pole pieces
th a t  were used was approximately 13,000 gauss.
For measuring the very small o s c i l l a t o r y  v o l tag e s ,  a c i r c u i t
con ta in ing  a Rubicon Microvolt Potent iometer ,  a LIston-Becker d .c .
Breaker a m p l i f i e r ,  and a Brown Recorder were used.  This is a l s o
20discussed  in d e t a i l  by All in t h i s  d i s s e r t a t i o n .  Balain has in h is  
d i s s e r t a t i o n  d e t a i l s  of the magnitudes of  the vo l tages  (a few 
mi 111mlcrovolts) to  be measured and the methods of  making the 
measurements,  which w i l l  not be repeated here.
18 C. J .  Bergeron, d i s s e r t a t i o n ,  Louisiana S ta te  Univers i ty ,  1959*
19S. A. A l l ,  d i s s e r t a t i o n ,  Loulstana S t a t e  U n ivers i ty ,  1958.
20K. S. Balain ,  o p . c l t .
CHAPTER III  
EXPERIMENTAL PROCEDURE
To begin the p re p a ra t io n  fo r  an experiment,  a c r y s t a l  holder  
was machined and so ldered  In to  the bottom s e c t io n  of the p re ssu re  
cy l in d e r  and copper leads were passed through the  epoxy s e a l  which 
has been d iscussed  p rev ious ly .
A c r y s t a l  was cu t ,  e i t h e r  chemical ly  or  by f i l i n g  slowly with a
roughened razor  blade edge, from the l a r g e r  c r y s t a l  which had been 
21used by Bala in .  I t  was checked by X-ray to  Insure  t h a t  I t  was 
s t i l l  a good s in g l e  c r y s t a l ,  and then tinned with  ord inary  s o f t  so lde r  
a t  the p o in ts  where copper leads were to  be a t t a c h e d .  The hea te r  was 
then wrapped onto the upper s e c t io n .  The h e a te r  was u su a l ly  2 or  3 
Inches of Advance r e s i s t a n c e  wire with r e s i s t a n c e  of 12 ohms per  
fo o t  In su la ted  with  a s i l k  thread  wrapping..  This s i l k  wrapping was 
scraped away a t  the c en te r  of the length  of  the wire and t h i s  po in t  
was so ldered  d i r e c t l y  to  the top of  the c r y s t a l  to  provide good 
thermal co n ta c t  between c r y s t a l  and h e a t e r .  The hea te r  was then 
coated with s e v e ra l  laye rs  of Glyptal  In order  to  thermally  In su la te  
I t  from the surrounding s o l i d  hydrogen. Af ter  the hea te r  had been 
prepared,  the c r y s t a l  was mounted In the c r y s t a l  holder  In the manner 
shown In Fig. 4.  This was a tedious  process  because of the la rge
21 K. S. Bala in ,  op. cl t .
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number of leads and the small su r face  area  of the c r y s t a l ,  and grea t  
care  had to  be taken th a t  s o ld e r  would not flow over large a reas  when 
a lead was so ldered  to  the c r y s t a l .  A f te r  copper leads were so ldered  
to  the sh o r t  s e c t io n s  (about 3/16 Inches) of  hea te r  wire which were 
s t i c k i n g  out of G lyp ta l ,  these  sh o r t  s e c t io n s  of h ea te r  wire were 
bent  so as  to lay f l a t  on the Glyptal su r face  and then covered with 
more Glyptal^ so t h a t  a l l  of  the r e s i s t a n c e  wire and the so lde r  
j u n c t io n s  were bur led  In Glyptal  and the wires  coming out of the 
su r face  of the Glyptal  were copper (no. 34 gauge).  This was done 
because In two runs,  when the s h o r t  s e c t io n s  of hea te r  wire and t h e i r  
s o ld e r  j u n c t io n s  to  the copper leads  were ou ts ide  the Glypta l ,  the 
h ea te r  wire broke a t  the s o ld e r  ju n c t io n s  when.flow of s o l id  hydrogen, 
a p p a ren t ly  tending to  c a r ry  along the r e l a t i v e l y  large so ld e r  ju n c t io n s ,  
ex e r ted  p u l l  on the h ea te r  wire .  When a l l  e l e c t r i c a l  leads had been 
a t t a c h e d  to  the c r y s t a l  and h e a te r ,  the  c r y s t a l  face was given a very 
th in  coa t  of Glyptal  In an a t tempt  to  thermally  In su la te  I t  from the 
hydrogen surroundings,  and the c r y s t a l  was t i e d  onto the f l a t  l u c l t e  
i n s u l a t i n g  p l a t e  with  nylon th read .
A f te r  the c r y s t a l  was mounted the next s tep  In procedure was 
u su a l ly  to  p repare  the c y l in d e r .  A gold 0 - r in g  for  the upper cy l in d e r  
s ea l  was made from 24 gauge 24 k a ra t  gold wire .  A 5/8  Inch diameter  
b rass  d i s c  was punched out  of .01 Inch brass  shlmstock. The 0 - r lng  
and d i s c  were dropped In to  p lace  and the upper or  "screw" s e c t io n  of 
the c y l in d e r  was screwed down to  compress the 0 - r in g .  A gold washer 
5 /8  inches In o u te r  diameter  and 5/16 Inches In Inner diameter was
cu t  from k a ra t  2k  gauge gold shee t  and dropped in to  p lace  in the 
c y l in d e r  bottom s e c t io n .  This bottom se c t io n  was then screwed on 
t i g h t l y  to  e f f e c t  a s e a l .  The s e a l s  were then leak t e s t e d  by p u l l in g  
a vacuum In the c y l in d e r  chamber through the hydrogen f i l l i n g  tube 
and watching the vacuum p re ssu re  with a thermocouple gauge as the 
c y l in d e r  was immersed in ace tone ,  i f  a s ea l  leaked the thermocouple 
gauge reading Increased sharp ly  when the c y l in d e r  was immersed. The 
bottom sea l  was never found to  leak ,  but a few times the upper sea l  
f a i l e d  because the washer had not been p roper ly  f i t t e d  onto  the ledge 
on which i t  s a t .  A f te r  the  s e a l s  were made the s e c t io n s  of copper wire 
coming out  of the epoxy sea l  In the c y l in d e r  bottom were so ldered  to 
the cab le  leading to  the measuring c i r c u i t .
The p re p a ra t io n  of the  c r y s t a l  and cy l in d e r  u su a l ly  preceded an 
experiment by two or th re e  days. The day before  a p re ssu re  experiment  
was to  be made the helium f la sk  was evacuated and f lushed with a i r  
s ev e ra l  t imes and the  d . c .  a m p l i f i e r  was turned on and allowed to  warm 
up overn igh t  for  s t a b i l i z a t i o n .  Also the hydrogen l ine  and co n ta in e r  
were t e s t e d  fo r  leaks and evacuated overn igh t  to  e l im in a te  outgass ing  
which might tend to  contaminate the hydrogen. On the morning of  an 
experiment  the f i r s t  th ing  done upon a r r i v a l  a t  the lab was to  f i l l  
the Inner  helium f l a s k  approximately h a l f  f u l l  with  l i q u id  n i t rogen  
and the o u te r  f l a s k  completely f u l l .  Then a potassium d i sc  vary ing  In 
th ickness  from 1/16 to  1/8 inches was s l i c e d  under minera l o i l  with  a 
par ing  kn i fe  from potassium rod about 3 / k  Inches In d iameter .  A 
potassium washer was punched out of t h i s  d i s c  under minera l  o i l  with
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a punch made e s p e c i a l l y  for  t h i s  purpose. The potassium washer was 
then put i n to  a beaker of  petroleum e t h e r  to  remove the mineral o i l  
and was f i t t e d  6nto the p i s to n  t i p ,  which was detached from the p i s to n ,  
under the petroleum e t h e r  su r face  with  the a id  of tweezers.  The main 
body of the p re ssu re  appara tus  ( i . e .  tens ion  and compression members, 
e t c . )  was then placed in a v e r t i c a l  p o s i t i o n  with p i s to n  t i p  up and 
covered with a large p l a s t i c  bag. Helium gas was blown under the bag 
to  provide  a helium atmosphere around the p i s to n .  The p is to n  t i p  and 
potassium washer were removed from the  petroleum e t h e r ,  while the 
beaker  was held under the bag in the helium atmosphere, and were 
f i t t e d  onto the p i s to n .  The c y l in d e r  was then screwed onto the 
tens ion  rod in a f r a n t i c  opera t ion  while  t ry in g  to  keep the e l e c t r i c a l  
leads from kinking and the hydrogen l in e  from tang l ing  with the leads ,  
and a l l  the while working under the p l a s t i c  bag. When the cy l in d e r  
had been screwed on to  the  tens ion  member, the hydrogen f i l l i n g  tube 
was connected to  the hydrogen l in e  by means of a Swage lock f i t t i n g .
As soon as t h i s  f i t t i n g ,  was made up, the hydrogen l ine  was evacuated ,  
and as  soon as  a vacuum on the order  of  200 microns was a t t a i n e d  in the 
hydrogen l in e  the p l a s t i c  bag was removed and the equipment was 
h u r r i e d ly  placed in the helium dewar, b r ing ing  the potassium washer 
to  l i q u id  n i t rogen  temperatures  and s topping  I t s  o x id a t io n .  When the 
equipment had been put In to  the helium f la s k  most of the n i t rogen  in 
the f l a s k  had bo i led  away. The l iq u id  n i t rogen  th a t  was s t i l l  l e f t  
a f t e r  a l l  v io l e n t  b o i l i n g  had stopped was now blown out  by blowing 
room temperature  helium gas through the helium f i l l i n g  tube. As soon
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as  the l a s t  b i t  of  l iqu id  disappeared in the Inner f l a sk ,  i t  was 
evacuated and then f i l l e d  to  a s l i g h t  overpressure  with helium gas In 
p r e p a ra t io n  for  a helium t r a n s f e r .  The hydrogen co n ta in e r  and l in e  
were f i l l e d  with  hydrogen to  a p ressu re  of  30 psl a b so lu te  a t  the 
f i r s t  convenient  moment a f t e r  the equipment had been placed in the 
f la sk .
During the helium t r a n s f e r  hydrogen gas was condensed In to  the 
cy l in d e r  chamber. Liquid helium was t r a n s f e r r e d  in to  the  f l a s k  very 
slowly u n t i l  p re s su re  In the hydrogen con ta ine r  s t a r t e d  to  drop o f f ,  
i n d ic a t in g  th a t  hydrogen was condensing in to  the c y l in d e r .  A slow 
t r a n s f e r  was cont inued u n t i l  the p ressu re  In the hydrogen co n ta in e r  
f e l l  to  a c a l c u l a t e d  value which ind ica ted  th a t  the cy l inder  was f i l l e d ,  
in some cases  hydrogen would s o l i d i f y  in the f i l l i n g  tube before  the 
c y l in d e r  was f i l l e d  up. In such a case the t r a n s f e r  was stopped and 
the appara tus  was allowed to  warm up u n t i l  p re ssu re  in the hydrogen 
co n ta in e r  s t a r t e d  to  change (sometimes an increase  and sometimes a 
dec rea se ) ,  and then the procedure was begun again .
When the helium t r a n s f e r  had been completed the c r y s t a l  was 
o r ie n te d  in the magnetic f i e l d .  Since the o s c i l l a t o r y  Et t ingshausen-  
Nernst e f f e c t  is  l a r g e s t  with the f i e l d  along the hexagonal ax i s  th i s  
was the d es i r ed  o r i e n t a t i o n .  This was achieved by using the f a c t  tha t  
the re  e x i s t s  a sharp r e l a t i v e  minimum in the magnetoresI s tance  when the 
f i e l d  i s  along t h i s  a x i s .  The f i e l d  was kept a t  a f ixed magnitude and 
the magnet slowly ro ta ted  by small Increments while  observing 
magnetores is tance  u n t i l  the hexagonal ax is  was found. The magnet .was 
then locked in t h i s  d i r e c t i o n .
When the c r y s t a l  had been o r ie n te d  in the magnetic f i e l d ,  
measurements of  the Et t Ingshausen-Nerns t  e f f e c t  in z in c  as a funct ion  
of  p ressu re  were begun. D eta i l s  of  the techniques o f  varying the
f i e l d  and recording the vo l tage  can be found in the d i s s e r t a t i o n s  of
2 2  2 3C. J .  Bergeron and K. S. Bala in .  The f i r s t  f i e l d  sweep was made
a t  zero  p r e s s u re ,  t h a t  i s ,  be fore  the p i s to n  had punched through the '
b ra ss  d i sc  on which i t  r e s t e d .  Af te r  the f i r s t  f i e l d  sweep, p ressu re
in the o i l  l i n e  of the Blackhawk ram was b u i l t  up u n t i l  the p is to n
punched through the b ra ss  d i sc  and p r e s su r iz ed  the s o l i d  hydrogen
surrounding the c r y s t a l .  P ressure  was then var ied  s lowly and p i s to n
displacement readings  were observed in order  to  ob ta in  the
h y s t e r l s i s  curve of p i s to n  displacement versus  o i l  l i n e  p re ssu re .
Fie ld sweeps were made a t  I n te rv a l s  of p re s su re  as p re s su re  was
increased  and, in genera l ,  a l s o  as p ressu re  was decreased.
22C. J .  Bergeron, op. c t t .
2 3J K. S. Balain ,  op. cl t .
CHAPTER IV 
EXPERIMENTAL DATA
The raw data  t h a t  was obtained was the t r a c e  of a recorder  which 
recorded the Et t Ingshausen-Nerns t  vo l tage  upon a r o l l  of ch a r t  paper 
t h a t  unwound a t  a cons ta n t  speed. Magnet c u r re n t  values were a l s o  
recorded In the form of "p ips"  from an R-C c i r c u i t  tha t  were super­
imposed upon the graph by a human observer  who observed the c u r ren t  
v i s u a l l y  w ith  a vo l tm eter  app l ied  ac ross  a 0.01 ohm r e s i s t o r  In the 
c u r re n t  c i r c u i t .  A ty p ica l  recorder  graph is  shown in Fig. 5* At 
l e a s t  one such t r a c e  was obta ined  for  each p re ssu re  a t  which data  
was taken.
The f i r s t  f i e l d  sweep, a t  zero  p re s su re ,  a f t e r  the f i e l d  had 
been a l ig n e d  along the hexagonal ax is  of the c r y s t a l ,  was usu a l ly  
made with  a heat Input of 6 .0 -6 .5  m l l l i - w a t t s  In to  the h e a te r .  Af te r  
the i n i t i a l  p r e s s u r i z in g  i t  was found th a t  the amplitude of  the 
o s c i l l a t i o n s  decreased a few hundred per  cen t .  Since the common 
p r a c t i c e  was always to  use only a large enough heat c u r re n t  to make 
the ampli tude e a s i l y  d i s t i n g u i s h a b le  from the noise  th a t  a l s o  appeared 
on the reco rde r  graph, t h i s  decrease  of  ampli tude n e c e s s i t a t e d  an 
increase  of  heat inpu t ,  u su a l ly  to  20-25 m i l l i - w a t t s ,  u n t i l  the 
ampli tude was again  s u f f i c i e n t l y  la rge .  The phenomenon of the 
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expla ined  as  due to  le s s  heat  flowing through the c r y s t a l ,  and more 
In to  the surroundings,  a f t e r  the hydrogen had been compacted around the 
c r y s t a l .  I t  must a l s o  be mentioned th a t  the amplitude was not cons ta n t
a f t e r  an I n i t i a l  decrease ,  but  e x h ib i ted  changes with p ressu re  fo r  the
same hea t  Input.  Such changes a re  to  be expected because I t  Is
expected th a t  the thermal c o n d u c t iv i t i e s  of the hydrogen and the
c r y s t a l  a r e  func t ions  of p r e s su re ,  so t h a t  as p re ssu re  is  changed, 
a l s o  the  heat  c u r re n t  In the  c r y s t a l  is  changed. This is not the only 
fa c to r  to  be cons idered  because a t  the same p re ssu re  the ampli tudes  
were in general  l a rg e r  i f  p re ssu re  was being decreased In success ive  
s te p s ,  than I f  p re ssu re  was being increased .  There a re  two p o s s ib le  
reasons for  t h i s .  F i r s t l y ,  t h i s  could be expla ined  I f  the c r y s t a l  
were a t  a h igher  temperature  In the case of inc reas ing  p re ssu re  than 
in the case of decreas ing  p re s su re .  This seems p o s s ib le  from the 
viewpoint  th a t  when p re ssu re  is Increased,  work is  done on the 
hydrogen, and the re  is  a tendency for  the temperature to Increase ,  
whereas the oppos i te  is  t ru e  for  a decrease  In p re s su re .  However, 
even when p re ssu re  was held cons tan t  for  two f i e l d  sweeps the amp­
l i t u d e  remained the same, whereas i f  t h i s  were the exp lana t ion  one 
would expect  the ampli tude to  change as cool ing  took p lace .  The 
second and more probable ex p lana t ion  l i e s  In the f a c t  t h a t  the o r tho ­
para convers ion process  In s o l id  hydrogen is  a f f e c t e d  by p re ssu re .
This conversion is  found to  absorb heat a f t e r  an increase  in p re ssu re ,  
and to  give o f f  heat  a f t e r  a decrease  in p r e s su re .  Therefore ,  when 
p re ssu re  was being Increased in success ive  s teps  t h i s  conversion
process  was absorbing heat from the length of  the c r y s t a l  and causing 
a sm al le r  heat  c u r r e n t  to flow In the c r y s t a l  than in the case  of 
dec reas ing  p ressu re .
In order  to  ob ta in  the per iod of the o s c i l l a t i o n s  from th e  raw 
da ta ,  the maxima and minima were numbered as i n t e g e r s ,  and the values 
of magnetic f i e l d  corresponding to these  maxima and minima were noted. 
A p l o t  of In tege rs  versus  r ec ip ro ca l  f i e l d  values  gave the per iod  
(from the s lope)  and the phase (from the In te rc e p t  with  the in teg e r
a x i s ) .  Fig. 6 shows a t y p ic a l  p lo t .
In order  to  ob ta in  values  of p re ssu re  In the p re ssu re  chamber, 
the o i l  l in e  p re ssu re  of the hydrau l ic  l ine was measured, and a l so  
the p i s to n  d isplacement,  for increas ing  and dec reas ing  p re ssu re s .
When o i l  l in e  p re ssu re  was p lo t t e d  versus  p i s to n  displacement,  a 
h y s t e r l s i s  curve was obta ined .  I t  was assumed tha t  a t  a given value 
of p i s to n  displacement,  the mean of the  two p re ssu re  values obta ined  
was the p re ssu re  th a t  would e x i s t  I f  the re  were no f r i c t i o n a l  e f f e c t s  
p re se n t .  The t h e o r e t i c a l  t h r u s t  of the hydrau l ic  ram head a t  th i s  
mean p re ssu re  (5000 lbs .  a t  10,000 psi of o i l  p ressu re )  and the cross  
s e c t io n a l  area of the p re ssu re  p is ton  (.268 inch diameter) gave the 
p re ssu re  In the cy l in d e r  chamber. A ty p ica l  curve of  p is to n  d i s p l a c e ­
ment versus  o i l  l in e  p re ssu re  is  shown in Fig. 7 .
Of the  number of experiments  t h a t  were under taken (about 8) to  
determine the behavior of the period a t  d i f f e r e n t  p r e s su re s ,  only 
two provided data  which is  considered p oss ib ly  u se fu l ,  and only one 
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a t tem pts  each f a i l e d  for  one of  th ree  reasons .  E i th e r  a c r i t i c a l  
e l e c t r i c a l  lead broke In the cy l in d e r  chamber, or  the c r y s t a l  was 
destroyed due to  sudden change in p ressu re  brought about by an 
e x t r u s io n ,  or  the  c r y s t a l  holder  was bent and the c r y s t a l  ruined by 
the flow of  hydrogen th a t  accompanied changes in p re ssu re .
In the completely  su ccess fu l  experiment i t  was p o s s ib le  to make 
measurements fo r  both inc reas ing  and decreas ing  p re ssu re  without being 
hampered by exper imental  d i f f i c u l t i e s  th a t  occurred in o the r  a t tem pts .
No broken leads or  ex t ru s io n s  occurred throughout the e n t i r e  experiment.  
In the case of  inc reas ing  p r e s su re ,  a t  some p re ssu re  two values for  
the per iod  were observed. One per iod was observed a t  low f i e ld s  and 
then as  the f i e l d  was increased  a phase s h i r t  occurred a f t e r  which the 
higher  f i e l d  o sc i l la t ions  occurred with  d i f f e r e n t  per iod .  There was 
a l s o  a monotonic term p resen t  in the measured p o t e n t i a l  In the case 
of in c reas in g  p r e s su re s .  These events  suggest  th a t  the re  was a 
t r a n sv e r se  component of heat c u r re n t  in the case of inc reas ing  p re ssu re ,  
and t h e r e f o r e ,  a th e rm o e lec t r ic  vo l tage  superimposed upon the 
E t t lngshausen-N erns t  v o l tag e ,  s ince  the e x i s t e n c e  of a monotonic term 
and a phase s h i f t  a re  found in the th e rm o e le c t r i c  v o l tag e ,  but not in 
the E t t lngshausen-Nerns t  v o l tag e .  The ex is ten c e  of a t ransverse  
component of  hea t  c u r re n t  seems q u i t e  p l a u s i b l e  s in ce  in the case of 
Increas ing  p re s su re  the o r tho -pa ra  conversion process  in s o l id  hydrogen 
is  absorb ing  hea t .  In the case of  decreas ing  p re ssu re  the o s c i l l a t i o n s  
in general  had l a rg e r  ampli tude,  which has been d iscussed  p rev ious ly ,  
and were more e a s i l y  a n a ly z a b le . .  No s h i f t s  in per iod were found to
36
occur dur ing a f i e l d  sweep, and no monotonic term was observed,  
in d i c a t in g  th a t  fo r  the case of decreas ing  p re ssu re  the vo l tage  t h a t  
was measured was due only to  E t t lngshausen-Nernst  e f f e c t .  The second 
experiment  fo r  which the data  was considered p o s s ib ly  usefu l  had as  
i t s  o r ig i n a l  purpose the v e r i f i c a t i o n  of the data  of the p rev ious ly  
d iscussed  experiment.  Unfortunate ly  some la rge  ex t ru s io n s  of s o l id  
hydrogen from the cy l in d e r  occurred and the sudden p ressu re  drops 
accompanying these  e x t ru s io n s  damaged the c r y s t a l  before  much data 
could be c o l l e c t e d  and only a few f i e l d  sweeps a t  inc reas ing  p ressu res  
were taken.
The numerical data  for  the two experiments Is recorded a t  the 
end of  t h i s  d i s s e r t a t i o n .  No a t tempt  was made to  s ep a ra te  the 
E t t lngshausen-Nerns t  vo l tage  from the th e rm o e le c t r i c  vo l tage  In the 
data  taken In the case of inc reas ing  p re s su re ,  because of the 
u n c e r t a in ty  of  what was the heat  c u r re n t  In the c r y s t a l .  The per iods  
observed for  Increas ing  p re ssu re  a re  recorded but  i t  must be s t r e s s e d  
th a t  they .are probably not the per iods  of a s in g l e  de Haas-van Alphen 
type e f f e c t .  The per iods  observed in the case of decreas ing  p ressu re  
a re  be l ieved  to be v a l id  per iods  of the E t t lngshausen-Nernst  e f f e c t  
because of the absence o f  a monotonic term and any phase s h i f t ,  as 
has been p re v io u s ly  d iscussed .
In Fig. 8 the curve of per iod  of  the Et t lngshausen-Nernst  e f f e c t  





















xBalain, G re n ie r ,  and  R eyno lds
•  Verkin an d  Dmitrenko
®Present Work (Decreasing Pressure Only)
0 20005 0 0 1000 1500
PRESSURE (ATMOSPHERES) 
Fig. 8
2^obta ined  by Bala in ,  Grenier ,  and Reynolds using gaseous helium as  a
p re s su re  t r a n s m i t t e r  and measuring Et t lngshausen-Nernst  e f f e c t ,  and
25
by Verkin and Dmltrenko using the Ice-bomb technique and measuring 
de Haas-van Alphen e f f e c t .  The agreement with the work of  Balain , 
Gjrenier, and Reynolds seems q u i t e  good. The genera l  increase  in 
per iod  w i th  p ressure  observed by Verkin and Dmitrenko can be explained 
by assuming t h a t  the o s c i l l a t i o n s  a re  due to  holes  r a th e r  than 
e l e c t r o n s  and t h i s  is  not n e c e s s a r i l y  a po in t  of var iance  with the 
p re sen t  work. The o s c i l l a t i o n s  in per iod  versus p ressu re  which they 
reported  a re  not p r e se n t ,  however, in the curve obtained from the 
p re sen t  work.
of.
K. S. Bala in ,  C. G. Grenier,  and J.  M. Reynolds, Phys. Rev. 
119, 935 (I960).
^ B .  I .  Verkin and I. H. Dmltrenko, JETP (USSR) 291 (1958).
CHAPTER V
A CONSIDERATION OF THE EXPERIMENTAL DATA
An a n a l y s i s  of the  data p re sen ts  a problem In th a t  there  Is 
no d e t a i l e d  d e s c r ip t i o n  of the Fermi su rface  In z inc  such as 
would make p o s s ib le  some t h e o r e t i c a l  c a l c u l a t i o n  of A appear ing 
In the equat ion
A  U . 1  ( i)
or of In the case of e l l i p s o i d a l  energy su r faces  for  which
A  -  <2 >
In order  to get some approximation fo r  A In Eq. (1) we cons ider
26the  express ion  obta ined  by Harrison us ing a s in g l e  orthogonalI zed
plane wave approximation ^  ^
"*■ f'” - :c 7 ^ 3  * - \ 3
( 1 ' c )  "  I\  A 11’ J  __ (3)
This Is merely an approximation of the over lap  area  of the f ree
e l e c t r o n  Fermi s u r f a c e ' s  p ro je c t io n  on the plane perpend icu la r  to  the
. o
c -a x l s  In the t h i r d  B r l l lo u ln  zone. Using the values  a ■ 2.658 A 
o
and c » 4 .85 A as  the va lues  of c and a a t  4.2°K (These values were
o o
approximated from room temperature  values  of  c ■ k . S k  A and a *« 2 .66  A
p6
Walter A. Harr ison,  Phys. Rev. 118. 1190 ( i 960).
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using the  thermal expansion data  of  Grunelsen and Goens^)  we get
A * .000546 x 1 0 ^  cm Using Eq. (1) wl th  A ■ 64 x 10 ^ gauss *
16 “2we get A * .00015 x 10 cm or approximate ly  one four th  of  the
value  from the approximation.  This Is not unexpected and I t  Ind ica tes
th a t  the  over lap  area  Is g r e a t l y  decreased from the f ree  e l e c t r o n  
case by the  p e r io d ic  p o t e n t i a l .  We can t r y ,  however, to  use Eq. (3) 
to  In d ic a te  how the per iod  w i l l  change with  p re ssu re .  We can
rew r i te  Eq. (3) In the form
D i f f e r e n t i a t i n g  we get
L
Since I . 8 6 0 7 — Is only s l i g h t l y  g r e a t e r  than 1 we may take as an c
approximation th a t
■ * (
Now ~  so t h a t
A A j  . /
. /  '  eU  -  j -  j c  )
_i.  d  _  _  z .  _ ( }J 0̂  p  c  J
P *  "  U ' * *  / ~ v ! -  ' J
We may use the va lues
(6 )
(7)
^ E .  Grunelsen and E. Goens, Z. Physik 29, 141 (1924).
^ G .  A. Alers  and J .  R. Neighbours, Bull .  Am. Phys. Soc. 
Se r ie s  I I ,  2, 121 (1957).
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- p  ■ y -  ~ / . 6> 2 ~/X / °  7<=Ĵ  '
r  *-
. M  dc*  _ / 2 , 0 ^ / a ' 7 ^ ^
P C .
and assuming t h a t  -g- and a r e  co n s ta n t  up to  2000 atmospheres we
may take
 L f / j l  _  ^  3  7  /
*- c / P  p  0^  "
_ L  c / c  _  _Z c /c  _  / 2 . o 9  X  / o ~ 7o & * C f
^  c / p  p C
I f  we cons ider  the change In A from 0 to  220 atmospheres,  we get
-6  -1  "6 -1 from our exper imenta l  data  A * 64 x 10 gauss , dA » 6 x 10 gauss ,
P » 220 a tm . ,  so t h a t  * *426 atm Using the above values  fo r
4  ~  and -5 “  we ob ta in  a t  220 atmospheres 7  * 1.8251 and
r 3 r  C a
j ; * .1088 x 10 3 atm This Is not In very good agreement with
the experimental  va lue .
In hopes of ob ta in ing  a more p r e c i s e  t h e o r e t i c a l  express ion  for
A than Is given by the or thogonal  I zed p lane wave approximations ,  a
r a th e r  s im p l i f i e d  c a l c u l a t i o n  was made fo r  the chemical p o t e n t i a l .
The c a l c u l a t i o n  Is now presen ted  and d iscussed  for  the In s igh t  th a t
I t  gives  In to  the problem.
For an e l e c t r o n  moving In a p o t e n t i a l  with the p e r i o d i c i t y  of
29the l a t t i c e  we can take
^ A .  H. Wilson, "Theory of M e ta ls ,"  r e f e r  Chapter I I .
where V(r) Is the p o t e n t i a l  energy of the e l e c t r o n  u^(?) is  the
wave funct ion  of an e l e c t r o n  with wave vec to r  k. and k I s a
'  9
r
r e c ip ro c a l  l a t t i c e  vec to r .  I t  can be shown th a t  a s u b s t i t u t i o n  of 
Eq. (8 ) In to  the Schrddlnger equat ion  leads to
The f i r s t  Jones zone In z inc  c o n s i s t s  of a hexagonal prism surmounted
30by a t runca ted  hexagonal pyramid and the e l e c t r o n s  giving r i s e  to 
the o s c i l l a t i o n s  th a t  we have observed l i e  In k-space In the t h i rd  
band In the  region of over lap of  the Fermi su rface  a t  the edge of 
the hexagonal prism. When the prism Is viewed from the top, t h i s  Is 
the shaded area  shown In Fig. 9*
Fig. 9
^ r e f e r  A. H. Wilson, "Theory of  M eta ls ,"  Chapter I I I .
*♦3
In order  t o  a t tempt  to  determine the boundary of th i s  a r e a ,  cons ider
•3 1
the region of k-space near po in t  C In Fig. 9* We assume t h a t  In 
t h i s  region only th re e  of the  C^'s a re  n o n -neg l lg lb le  In Eq. (8 )j 
these  a r e  , C^, and Cq . Neglecting a l l  Cg ' s  In Eq. (8 ) except 
these  th re e  we o b ta in  th re e  equat ions
(9)
or- r>
( E T - f c -  + C -
The cond i t ion  fo r  these s imultaneous equat ions  to  have a s o lu t io n  
Is t h a t  the  following determinant  Is ze ro
e ~ v* - £ $ x  . - ! / _ «
<L*n V - a
f t
~ . V ,
( 10)
-  o
This gives r i s e  to  a cubic equation
31 For an argument fo r  the v a l i d i t y  of the assumption r e f e r  to 
the a r t i c l e  by J .  R. Rei tz  In Vol. I of "SOlId S ta te  Physics"  e d i te d  
by F. S e i t z  and D. Turnbull .
k k
( * - * # * - £ $ ( * - £ * • )  -  l V « r ( e - e « ) - f a n e - e r f  
- / f a f e - f y -  / C  W - ' - M -  L ,  =■■ cW t y s w  - •  °
( 11)
^  ' * K2snj
■ - t X \ n
? * > -  1 7 4 * h \ k
Z m 7
Taking an o r ig in  In k-space on the c -ax is  with the z - d l r e c t l o n  
along the  c -ax i s  and the x-y plane perpend icu la r  to  the c -ax is  we 
f ind  t h a t  a f i r s t  approximation fo r  E Is given by ( re f e r  Appendix I)
A  -  ^  + J
-2_
^  -  7  ^  — 7 -  ^
& ( £ • * )  ~  d 2)
•2/777 c  y ^
o /  •= l / J  j / r U ^
S<% = \ /  -  Y  C O-'Q- •d-
o / ?  =  2  Y
« •  ,  « ^ 0 g  / W  . • ^  ^  g W
/?<7 J  ^
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The vec to rs  K and a re  shown In Fig. 10. has x, y, ando
z-components,  but K Is In the  x-y p lane .
O
Fig. 10
x-y plane Is the 
plane of the page.
z jdl r e c t i  on Is 
p erpend icu la r  
to  the page.
To o b ta in  A we l e t  % » 0 and for  E -  E(0) ■ E , the chemicalz '  '  o'
po ten t ia l ,  we have
■ 4 !  r  = Eu. ‘---- o
so t h a t  A » ^ © * ^ en ^  “  .00015 x 1 0 ^  cm ^ (for
*"6 ■" 1 8 “ 1 per iod « 64 x 10 gauss ) ,  then .0069 x 10 cm . We f ind
for  <£, p ( r e f e r  Fig. 11), using the values  of c and a quoted
p rev ious ly  t h a t  * K_ -  K ■ .0094 x 10^ cm * where Kc Is the
r C r
rad ius  of  the Fermi sphere In the f ree  e l e c t r o n  case In d ica t in g  tha t
we cannot expect  very good agreement of H ar r i so n 's  approximation
with exper iment .  If  express ions  for j and V were to  be obtained 
from some mathematical model i t  would be I n t e r e s t i n g  to  see what 
agreement would be a t t a i n e d  between our  data and the p re d ic t io n s
kS
Fig. 11
from the  model. With t h i s  p o s s ib le  end In view the c a l c u l a t i o n s  
leading to  Eq. (12) a re  Included In Appendix I.
In order  to  ob ta in  some Informat ion from our c a l c u l a t i o n s  we 
can assume t h a t  S ~  and V remain unchanged by p re s su re .  We have 
th a t
=  =  T  *  £ -
New
d  A  _ __ _ __ c / r f l
A  r )  s /71*■ g r
From our express ion  fo r  m* we f ind  th a t
( 1 3 )





We expect  t h a t  cp̂  . (  *££) ? ->  o j ' / -  so t h a t  a
"  2. ^  * y
good approximation fo r  Is given by * 3*274 x 10”^P atm~*m« mw a
If  we assume th a t  Eq « Ep -  -A. o { . where Ep Is the f ree
°
e l e c t r o n  Fermi energy, we have
^  i  [  ( M f - c w y  ̂
’K '  £ [ & & '( '£  % - H ) + ‘ ( 8 )
2 4*1
Cc- /  ( 16)
i-O
dE
To get  some order  of  the  s i z e  of - —  we need the  value of j
o
or the value of  Eq. To ob ta in  a value  of  Eq a t  ze ro  p ressu re  we 
r e f e r  to  Eq. (12) and note t h a t  I f  we measure the per iod of a de Haas- 
van Alphen type o s c i l l a t i o n  with  the magnetic f i e l d  perpend icu la r  to
the c - a x l s ,  the cross  s e c t io n a l  area  of the Fermi su rface  p ro jec ted
upon a plane p e rpend icu la r  to the f i e l d  dl r e c t lo n  Is ffj
I f  we denote the  per iod  with f i e l d  perpend icu la r  to  the c -a x l s  by 
A-2 . and the per iod  with f i e l d  p a r a l l e l  t o  the c - a x l s  by we
get th a t
2  E* s m  *  J_




Also we have In the case of  f i e l d  p a r a l l e l  t o  the c - a x l s
f t  = f t '  J T
Z  s n i  *
E .  = S z A  f * j . t  (18)c  1  A l . v
"<iT ^
oo
From the data  of Verkin and Dmltrenko who made measurements of
per iod  of  magnetic s u s c e p t i b i l i t y  both p a r a l l e l  and perpend icu la r
to  the hexagonal a x i s  of z in c  we ob ta in  a value of  E equal to .021
°1  dEe l e c t r o n  v o l t s .  With t h i s  value  of  E we ob ta in  fo r  -r r -®  when
P € o
dEQ r e s u l t s  from a change of  p re ssu re  from 0 to 220 atmospheres
- L  ‘C & -  =  . 3  ? ! X / o ' 3 a Z r ’C 1
P £ .
Since w i l l  give a n e g l ig ib l e  c o n t r ib u t io n  tO'—  In comparison
dEo dm,v
t o  i , we neg lec t  ^  ,  so th a t  we have
=  - . 3  2 /  /
r  £ ,
I t  must be remebered th a t  t h i s  p r e d i c t io n  r e s u l t s  from assuming th a t  
- ^ " a n d  V a re  unchanged by p re ssu re  which Is probably not the case .
32 I. Verkin and B. Dmltrenko, op .c l t .
Perhaps the changes in and V brought about by p ressu re  account
fo r  the  d i f f e r e n c e  between the experimental value of , k 2lS x 10 ^ atm 
in any case i t  Is f e l t  t h a t  the  degree of  agreement a t t a i n e d  with 
t h i s  crude assumption In d ic a te s  the v a l i d i t y  of the  method of 
t rea tment  of the  problem.
APPENDIX I
An Approximate Solu t ion  fo r  the Chemical P o te n t i a l  In 
the Region of  Overlap of the  Fermi Surface 
a t  the Edge of the Jones Zone of Zinc
In Chapter V we have obta ined  a cubic equat ion  for  the energy 
of an e l e c t r o n  In the region of k-space near an edge of the Jones 
Zone of z inc  formed by the I n t e r s e c t i o n  of two B r l l l o u ln  p lanes .
This equat ion  Is
( f -eJ(E Et>)('E-£4lD-/l6/XE-E41)- /fo/XE-ZJk")
-  h U ' t e - E * ) -  =  °
where E is  the unknown energy and
50
51:
The v ec to r  Is the rad ius  vec to r  In k-space,  and
a re  r e c ip ro c a l  l a t t i c e  v ec to r s  In the p lane perpend icu la r  to  the 
c - a x l s .  The v ec to rs  — /f^  and — In k-space a r e  In te r s e c te d  a t  
t h e i r  midpoin ts  by the two I n t e r s e c t i n g  planes  which form the edge 
th a t  Is of i n t e r e s t  to  us. The v ec to r s  a r e  shown In Figs. 9 and 10. 
K  > K  > ^  > and K i - f d  a r e  Four ier  c o e f f i c i e n t s  In an expansion
of the p e r io d ic  p o t e n t i a l .
To ob ta in  an approximate s o lu t io n  fo r  E we in troduce a method of
/>..
approximating s o lu t io n s  fo r  a cubic of the form - 0 . If  the re
a re  th ree  roo ts  '% ( ) ')  , / tlC J " )  > we may w rI te
Now cons ide r
K %  v ,  v s )  ~  ^
We may take as  a f i r s t  o rder  approximation th a t
2 s ) = ■ ? ( /? t ,  K t v ,  - v : )
+  V l )  +  ' (  f - i -
^ v % V K v ;  ^  6  ' V o V l y V s
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where the s u p e r s c r i p t  o in d ica te s  t h a t  the q u a n t i ty  is  eva lua ted  a t  
Y  ~  0  . Note t h a t
^ % x .
At =  0 we have
- f O C ,  *  . ) ? ■ * , % )  =  -  C % - W X ' t i - ' £ A ' Z r i e’s )
Therefore  for  a f i r s t  approximation we have, in the case of
o , , ^ , 0
\F' A V ^ T * - 2 J
%  =■ # -  ^ A / A / A / / ^  .
Note th a t  - C C r f j  ■%., - £ , )  = ,°j ^  • We may der ive
s im i l a r  approximations for  *̂ 2^  ar*d Summary w® saY
th a t  in a f i r s t  approximation s o lu t io n s  to the cubic - f C ^ Y ^ - 0  a re  
given by
k % : r J
' A  = K -
53
= p i -  - f c & j j y  _ _
7 -3  -  1 (* i d
( ' t g - K ' X r t - P p
where j '/£-J> are  so^u t *onS ° f  J'L /̂ j0)  ̂ 0  ancJ
assuming tha t  /)̂ °̂
Returning now to the energy equation we see tha t  If  we wri te  
s  we may consider the equation to  be of the form
For S- =  o  we have
£ 4 a> "  \  ^*- * c
C ^ - ^ y  - 3 y z ( £ ~ - £ 4 )  -  ~ K ^ - 3 ^ ^
We have from symmetry considera tions that
/ U
Let K  = ' f  t x
K  k ?  +  y . <  i ~ y s a * 3 *
where -— o c .
Therefore at ^ =• &
( a  - £ ^ ) 3 -  3 l / z ( e - a ^ )  -  2  / s c . 3  ■& — o
'J?The th re e  s o lu t io n s  to  t h i s  equat ion ,  which we s h a l l  c a l l  
can be shown to  be given by
iP-z —- 2.
^ ° = ZV <  -  ^  j
^  / i '  j / ^ 2̂  -  / c  cKfi- 6 -̂
j /  '
Now we cons ider  again  our energy equa t ion  for  S  7̂  0  • We have
- f ( £ j  £  J ~  0  and the s o lu t io n s  for  S> — O do not seem to be
I d e n t i c a l .  Applying our general  method th a t  we Introduced e a r l i e r  we 
may get a f i r s t  order  approximation for  E. We note th a t
55





- A  ( ^  J
'Z.rrn
2  ^  
>'~2 -> 2 .
- j -  ( ' / t c ' - ' C
■7.^1
A - Z  \ / 3
+  V
'1  -t—
- ^ 6 " + f £  ̂ J : 5-2 ( 4 H  4 > X C  v- £  / T;
 ̂ X  ‘ Z  - rA Z 'r f l
vrZ.
We note t h a t  +  ~h ^ ) -= ^  * ^ P 3" ^
and s im p l i fy ing  and n eg lec t ing  a l l  terms con ta in ing  ^  to  powers 
g r e a t e r  than 2 we ob ta in  £ z  0 . -  °
+  —  ( ^ * + ^ "V
Z . ' X  '  *
where is  the component of ^  along the c - a x i s  and Z- ,
and ( a r e  components In the p lane perpend icu la r  to the c - a x i s ,  and
X
/  /  •/  <*• • C  Z "  -_ 2 * r  -   L _  /  /  • /  ■ v <  i
s / K  (, ‘
NUMERICAL DATA
Experiment A
R ela t ive  P is ton  Hydraulic Oil Line Corrected  Period of 
P o s i t io n  from Pressure  Oil P ressure  E t t lngshausen-
Dlal Gauge Reading ( l b s / s q , I n . )  ( l b s / s q . l n . )  Nernst  E f fec t
(X 0.1 I nches)__________________________________________(X 10 gauss*"!)
---------S 0 64
9. 585s 4001 220 62
8.400S 8001 550 66,51
7.569S 12001 87O 52
6.915S 16001 1210 47,38
6.395S 20001 1520 48,43
5.956S 24001 1850 46,39
5-590S 28001 2170 43,39
5-245S 32001 2520 35-









5 . 1*10 2040d
5.591S I820d 2170 34
5.595S l470d 1850 36
6.395S ll40d 1520 40
6. 910s 840d 1210 44
7.570S 540d 870 49
8.400S 295d 550 53
9 . 572s 50d 220 58
S—denotes t h a t  f i e l d  sweep made a t  Ind ica ted  p re s su re .
I—denotes Increas ing  p re ssu re ,  
d—denotes  dec reas ing  p re ssu re .
When two per iods  a r e  shown, the f i r s t  recorded occurred a t  lower 
va lues ,  the second a t  h igher  f i e l d  va lues .
5 6
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Extrusion occurred here . 01
Dial gauge f e l l to  7*752.



















Extrusion occurred here.  01








Extrusion occurred here . 01



















4 . 080S 20001
No o s c l l l a t l o n s appeared li
Od
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